Subclinical oral human papillomavirus (HPV) infection that persists for decades is likely to precede an HPV-driven squamous cell carcinoma of the head and neck, but little is known about the natural history of oral HPV. We systematically reviewed and abstracted data from nine manuscripts that examined human immunodeficiency virusnegative and cancer-free subjects for oral HPV DNA to determine the pooled baseline prevalence and incidence of newly acquired oral HPV infections, and specifically for HPV-16. We also documented the clearance rate and the median time to clearance, where data existed. Of 3762 individuals, 7.5 % had an oral infection with any HPV type (1.6 % for HPV-16). Meta-regression analysis estimated the 12-month cumulative incidence to be 4.8 % (95 % confidence interval 3.2-7.3 %). The overall oral HPV clearance was reported to be 0-80 % between studies, and the median time to clearance from 6.5 to 18 months. Oral HPV-16 clearance was 43-83 %, and median time to clearance for HPV-16 was 7-22 months. Oral HPV prevalence, incidence and clearance vary considerably between published studies from different geographical regions. Further research is required to identify predictors of persistent oral HPV infection. Measurable baseline prevalence was observed in all studies, as well as non-trivial incidence of newly acquired oral HPV infections and incomplete clearance.
INTRODUCTION
Mucosal high-risk human papillomaviruses (HPVs) have been identified as a necessary cause of cervical cancers [1] and have been detected in 50-70 % of genital and anal cancers [2] . There is increasing evidence linking HPV infections of the oral mucosa to mucosal squamous cell carcinomas (SCCs) of the head and neck (hereafter HNSCCs) [3, 4] . HNSCC is the sixth most common type of cancer worldwide with an estimated 575 000 new cases diagnosed annually. There has been an increase in incidence recently in younger patients with minimal levels of exposure to the classical risk factors of smoking and alcohol [3, 5] , which have been shown to be related to HPV infection, especially for cancer of the oropharynx, presumably acquired via increased oral exposure to infected anogenital sites with changing sexual behaviours [6] [7] [8] [9] . Relatively little is known about the natural history of oral HPV infection, but it is likely that a subclinical oral HPV infection that persists for decades precedes the development of HPV-driven HNSCC (as has been established for cervical cancer [1] ). To further understand the dynamics of this infection we review here the existing literature to estimate the incidence and clearance of HPV DNA detected in oral specimens collected from cancer-free, human immunodeficiency virus (HIV)-negative individuals.
RESULTS
Nine publications comprising 3762 cancer-free participants were identified and are presented in Table 1 [10] [11] [12] [13] [14] [15] [16] [17] [18] . Sample sizes ranged from 131 [11] to 1626 [12] participants. The studies were performed in the USA, Brazil, Mexico and Finland. The HPV Infection in Men (HIM) Study investigated men only from three countries (USA, Brazil and Mexico) [12, 14] . The Finnish Family HPV Study analysed oral specimens from pregnant women, fathers-to-be and mothers [11, 13, 15, 16] . Beachler et al. included a US highrisk population (defined as 'HIV-uninfected people at risk of HIV infection') in their recent study [10] . Two studies [18, 19] analysed oral HPV prevalence and incidence in US university students.
Oral specimen collection and DNA extraction methods varied between studies, but most studies used MY09/11 PCR (alone or in combination with GP5+/6+) for HPV detection (Table 2 ). Time between follow-up varied between studies, Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Thu, 03 Jan 2019 00:46:34 with 4-, 6-or 12-monthly intervals between samples being used ( Table 2) .
Oral HPV prevalence Overall, the prevalence estimates were heterogeneous across studies, ranging from a low of 2.5 % in a study of US university students to as high as 20 % in a US high-risk population [12, 18] ; the average baseline oral HPV prevalence across studies was 7.5 % (284/3762; Table 3 ). Most of the studies presented HPV-16 type-specific prevalence, which ranged from 0.2 % [18] to 17 % [13] . The average HPV-16 prevalence across studies was 1.6 % (52/3162; Table 3 ). Oral HPV prevalence for each study is reported in Table 3 .
Oral HPV incidence
The incidence of new oral HPV infections (all types, and HPV-16 specifically) was even more heterogeneous between studies than reported for oral HPV prevalence (see Table 3 ). The lowest overall oral HPV incidence (2 %) was reported in US university students [18] and the highest (69 %) in fathers-to-be in the Finnish study [11] . The type-specific HPV-16 incidence ranged from 0.6 % in the HIM Study [12] to 65 % in the Finnish Family HPV Study [13] .
Using meta-regression analysis under a fixed effects assumption, we estimated the 12-month cumulative incidence of oral HPV infection to be 4.8 % [95 % confidence interval (CI) 3.2-7.3 %] across the six studies. When we assumed random effects rather than fixed effects, we detected significant heterogeneity (Q test P<0.001); however, the 12-month incidence estimate was similar at 5.0 % (95 % CI 3.0-8.3 %; Fig. 1 ).
Oral HPV clearance
Clearance for any oral HPV infection spanned from 0 % among pregnant women in the Finnish study [16] to 80 % in the US high-risk population [10] , and time to clearance of any HPV type ranged from 6 to 18 months [11, 15] . HPV-16 type-specific clearance was less heterogeneous than overall HPV clearance and was lowest (43 %) in Finnish mothers [13] and highest (83 %) in two separate studies from the USA (the HIM Study and the high-risk population) [10, 12] . Time to clearance of HPV-16 took 7 months in the HIM Study [12] and around 20 months for participants in three publications from the Finnish Family HPV Study [11, 13, 15] . Oral HPV clearance (as percentage cleared) was reported in three of the studies and time to clearance in two (Table 3) .
DISCUSSION
HPV-driven HNSCCs have been increasing in recent decades [8, 20] , so it is surprising that little is known about the fundamental dynamics of oral HPV infection, including basic epidemiological constructs such as the prevalence of infection, the incidence of new infections and the rate of clearance of existing infections. Such knowledge about the natural history of oral HPV infection would help to better understand the likely trajectory of HPV-driven HNSCCs in On: Thu, 03 Jan 2019 00:46:34 the future. With this systematic review we wanted to estimate, in particular, oral HPV incidence and clearance, and also oral HPV prevalence in published studies.
The overall oral HPV prevalence ranged from 2.4 to 20 %, with a pooled prevalence of 7.5 % across the different studies. HPV-16 was the most common HPV type identified in the studies with an oral prevalence ranging from 1 to 17 %. The oral HPV prevalence was consistently high in the four reports from the Finnish Family HPV Study [11, 13, 15, 16] , ranging from 17 to 18 %. However, the highest oral HPV prevalence, 20 %, was found in high-risk (at-risk, but HIV-uninfected) persons. This oral HPV prevalence is higher than what was found in a recent systematic review of men who have sex with men (9 % HIVÀ and 16 % HIV+ individuals) who are considered high-risk [21] . Previous reports of oral HPV prevalence vary greatly between different geographical areas. The majority of other publications on the prevalence of oral HPV infection (without data on incidence) have been performed in the USA [17, [22] [23] [24] , along with several from other geographical regions [15, 25, 26] . The largest (n=5579, a cross-sectional study in the USA conducted as part of the National Health and Nutrition Examination Survey) reported an overall oral HPV prevalence of 6.9 % [22] , with a significant difference in oral HPV prevalence between men (10.1 %) and women (3.6 %; P<0.001).
We found that incidence and clearance varied considerably between published studies of different sizes and from various geographical regions. The estimated 12-month incidence from all studies was 4.8 % (95 % CI 3.2-7.3 %). Oral incidence varied widely between different populations, and was lowest in the HIM Study [12] and was high in both US high-risk individuals [10] as well as fathers-to-be in the Finnish Family HPV Study [11] . Oral HPV clearance data were limited and discrepant across studies (0-80 %), with the lowest clearance reported in the Finnish study [16] , and the highest rate of clearance in a US high-risk population [10] .
There are difficulties in comparing various published data on the natural history of HPV as there are wide differences in findings and study methods. There are several methodological reasons that might explain the differences in the reported oral HPV prevalence, incidence and clearance, which include different sampling methods used (mouthwash, saline and cytobrush), method of DNA extraction and HPV detection methods used [different PCR primer pairs and methods for HPV typing (sequencing versus arrays)]. All US studies (n=4) included here collected their samples with a rinse and gargle method, while the Finnish study used scrapings or brushing of oral mucosa. In a previous study [27] , we collected both saline mouthwash samples and swabs from the tonsillar fossa in the same HNSCC patients, and found that the mouthwash samples had significantly higher HPV prevalence than the swab samples (25 versus 9 %).
D'Souza et al. [28] compared five different methods of DNA extraction of 20 HIV-positive participants using Scope mouthwash samples and MY PCR by reverse dot blot hybridization, and found large differences between the methods. The method of DNA extraction impacted not only DNA quality (measured with b-globin PCR, range 50-100 % positive), but also the ability to determine HPV status (range 11-65 %) and number of HPV types (2-13 HPV types) [28] .
A recent publication [29] compared the performance of the commonly used HPV detection and typing methods GP5+/6+ PCR followed by reverse dot blot hybridization (GP5+/6+ RLB) and multiplex type-specific E7-based bead-based multiplex HPV genotyping (MPG) assay (E7-MPG) on almost 5000 cervical cell and urine samples. Both methods detected 22 % HPV-positive samples, and 14 % were positive with the E7-MPG method only and 0.5 % positive with the GP5+/6+ RLB method only. Nested and GP5+/6+ PCR was used by all studies included in our analysis, but this method of HPV detection was not evaluated [29] . The nested MY09/11 and GP5+/6+ PCR has been found to be more type-sensitive, detecting a wider range of HPV types, low-copy-number HPV infections and more infections with multiple HPV types than MY09/11 PCR or GP5+/6+ PCR only [30] . To our knowledge, there are no studies that have compared E7-MPG with nested MY09/11 and GP5+/6+ PCR. Thus, there is merit to standardizing methods of sample collection, DNA extraction and HPV detection to ensure comparability between studies in the future.
Our systematic review of the existing literature faced a number of challenges. Firstly, there were very few studies that have reported on oral HPV incidence and clearance. Secondly, those few studies have used different methods, both in regards to collecting samples and to analysing them for HPV. Lastly, the heterogeneity between the available studies, including geographical area, sample size, gender restrictions and different durations of follow-up, severely limited our ability to generalize across studies.
The natural history of oral HPV infection is not known, nor whether an oral HPV infection can progress to HNSCC. It is clear, however, that HPV-positive oropharyngeal SCCs, in particular tonsillar SCCs, which have the highest HPV prevalence, are increasing. Based on what is known about HPVdriven cervical cancer, one might predict that HPV-driven HNSCCs will also be preceded by subclinical oral HPV infections that persist for decades. However, due to currently inadequate sampling methods, we do not know whether HPV-positive precursor lesions exist, as HPV-positive precursor lesions have not been identified in the oral cavity or oropharynx. As cervical cytology screening (Paptest) has been very successful in preventing cervical cancers, a similar cytology test might be useful for early detection of oropharyngeal SCCs. To our knowledge, only one study has investigated this [31] and found that an oropharyngeal Paptest probably will not pick up pre-lesions. This finding could On: Thu, 03 Jan 2019 00:46:34 Table 3 . Prevalence, incidence and clearance of studies that investigated oral HPV infections in cancer-free, HIV-negative populations; n total=3762 On: Thu, 03 Jan 2019 00:46:34 reflect the difficulties in sampling the tonsillar crypts. Given that oral HPV prevalence is low and that HPV-driven HNSCC is a rare type of disease, very large studies are needed. Because oral HPV infection is relatively uncommon, larger studies are needed to ensure sufficient statistical power, in particular to identify factors associated with persistence and clearance.
In conclusion, we observed a measurable baseline prevalence in all studies, as well as non-trivial incidence of newly acquired oral HPV infections and incomplete clearance, despite differences in methodologies and approaches. The non-trivial incidence and incomplete clearance of oral HPV infections are potentially worrisome findings, as these data would suggest that the pool of people carrying oral HPV infections may be increasing. Given the lack of knowledge of the natural history of oral HPV infection, new prospective studies that focus on oral HPV incidence and clearance are needed. Because new episodes of oral HPV infection are relatively uncommon in any given population, studies with large sample sizes are needed to ensure sufficient statistical power to capture these 'rare events', all the more so when attempting to identify factors associated with persistence and clearance among the subset of participants developing new infections. Such knowledge is fundamental to understanding the likely trajectory of oropharyngeal cancer in the future and to predict the impact that HPV vaccination will have on oral HPV infection and HPV-driven oropharyngeal cancers in the future.
METHODS

Study selection
We searched the National Institutes of Health 'PubMed' search engine for citations published within a 10-year period (2006-2016) using the medical subject heading terms 'Papillomavirus' and 'Oral' as well as the terms 'Incidence' or 'Clearance' in all fields. The search was limited to English publications in humans. By using these parameters, we identified 84 potentially eligible manuscripts. After reviewing their titles and abstracts for relevance, we identified 28 studies that appeared to evaluate the incidence and/or clearance of HPV DNA in oral specimens collected from healthy individuals (i.e. cancer-free and HIV-negative). From this selection, we then excluded studies that focused on individuals with precancerous lesions/papillomatosis (n=6) and studies of immunosuppressed populations (HIV-positive) (n=3). However, if a study included HIV-negative and HIVpositive individuals and HPV data were provided stratified by HIV status, we utilized the available data. We excluded commentaries and other systematic reviews (n=3) and studies that focused exclusively on newborns and children (n=8). Using these criteria, eight eligible manuscripts remained for analysis. After carefully examining related IP: 54.70.40.11
On: Thu, 03 Jan 2019 00:46:34 citations and references of these papers, another publication was included; all nine used DNA-based testing methods on oral specimens and had >50 participants. Some of the papers belonged to overarching studies. Specifically, two manuscripts reported the 'HPV Infection in Men (HIM) Study' and four manuscripts came from the 'Finnish Family HPV Study' (FFHPVS). Thus, the nine publications were derived from a total of five studies. All studies obtained informed consent from their respective participants.
Data abstraction
Data were abstracted (by Z. C. W.) and checked (by A. A.) on the following variables: first author, year of data collection, country from which the sample was obtained, study population (i.e. university students, pregnant women), number of samples with good quality DNA (b-globin positive by PCR), age (mean or median and range), sex distribution, oral specimen collection method, specimen processing method/DNA extraction, HPV detection method, HPV genotypes targeted, overall prevalence of HPV at baseline, typespecific prevalence of HPV-16 at baseline, HPV incidence, type-specific incidence for HPV-16, time period for overall oral HPV incidence and for HPV-16, clearance of at least one prevalent HPV type and median time to clearance.
Measures
Oral HPV prevalence was reported as the proportion of all samples that tested positive for any type of HPV; we also recorded HPV-16-specific prevalence where available. Because of within-study overlap of samples (i.e. participant samples reported in more than one publication) we used data from Kreimer et al. [12] for the HIM Study and data from Kero et al. [11] (fathers-to-be; n=131) and Rautava et al. [15] (mothers; n=324) for the Finnish Family HPV Study, to calculate the oral HPV prevalence (overall and for HPV-16 separately).
All studies that measured incidence used the same definition for oral HPV incidence -that is, participants negative for oral HPV infection at baseline were included, and the first HPV-positive sample was defined as an 'incident' or 'newly acquired' infection. Person-time for a newly acquired HPV infection was calculated from the baseline sample to the first HPV-positive sample, with the assumption that a new infection arose on the date the HPV-positive sample was collected. Oral HPV incidence (overall and for HPV-16) was measured differently between studies: one study reported 3-month incidence [18] , two reported 12-month incidence [12, 19] , two reported 24-month incidence [10, 16] and one reported 36-month incidence [11] . To estimate the 12-month incidence for all studies, we fitted two weighted meta-regressions, one with fixed effects and one with random effects, with weights inversely proportional to the standard errors of the reported incidence rates. After taking a log-transformation of the incidence rates, we fitted time as a linear independent predictor for log (incidence). The predicted incidence rates and standard errors at each time point were transformed back to the linear scale and these served as our incidence estimates for a given time point.
Clearance was only measured by three studies, the HIM Study, the Finnish Family Study and the US study of a highrisk population. In the HIM Study, HPV type-specific clearance was defined as an HPV-positive participant testing HPV-negative after having tested positive previously and excluding prevalent infections and those who tested positive for the first time in their last sample [12] . Time to clearance was estimated by the Kaplan-Meier method. For women in the Finnish Family HPV Study, clearance was defined as an event (at any follow-up visit) when a previously HPV-positive test turned out to be negative and remained HPV-negative until the end of the follow-up [13] . For men in the Finnish Family HPV Study, baseline HPV-positive cases that cleared the infection during the follow-up was defined as events of clearance [11] . In the high-risk population study [10] , clearance was defined as testing negative once after a positive test. 
